Introduction
Synthetic methods for nanoparticle production have evolved to the extent that particle size, shape, and composition can be tuned [1] [2] [3] [4] . They have been integrated into many aspects of modern life [5] [6] [7] [8] [9] [10] such as information technology, medical equipment and energy. Gold nanoparticles (AuNPs) of varying morphologies are especially sought after as they have many applications in catalysis [11] [12] [13] , biosensing [14] [15] [16] [17] [18] and therapeutics 19, 20 . Anisotropic particles, in particular gold nanosheets and core@shell particles have gained particular attention [21] [22] [23] [24] [25] [26] [27] as they possess enhanced optical properties for the treatment of tumours 20 , enhanced Raman detection 28 and optical sensors 29, 30 .
Synthetic strategies leading to highly anisotropic particles can require high temperatures, templates or polymer and molecular capping agents 31 , however, there is an emerging trend to seek "green" chemistries for their production 19, 20, 32, 33 . Continuous microfluidic flow reactors are a powerful tool for synthesizing materials 34 . The translation of batch chemistries onto continuous flow platforms represents an area of increased research as they offer reduced production costs, controlled and reproducible reaction parameters and scalable synthesis strategies 35, 36 . A common strategy for synthesising nanomaterials within these reactors is to use emulsion droplets. Such systems have been used to create a range of materials including particles of high aspect ratios. Experimental variables explored for these systems include surfactants, solvents and droplets sizes. These have all been found to influence the products. An extensive review on the subject is covered elsewhere 37 and have been extensively applied to the production of AuNPs 38 .
Other techniques for AuNP synthesis include single and two phase liquid-liquid (liqliq) systems [39] [40] [41] [42] [43] . The interface between two immiscible liquids offers a defect free, reproducible substrate to grow and assemble metals 42, 44 . This interface allows the material to be easily recovered, as the majority of the newly created particles remain at the interface upon creation 45 . The assembly of nanomaterials at the liq-liq interface is spontaneous due to the favourable stabilisation of the interfacial free energy and was first discovered by Ramsden 46 and Pickering 47 .
The interface between two immiscible electrolyte solutions (ITIES) combines the defect free liq-liq interface, with the benefits of electrochemical strategies, allowing a degree of control over the growth and assembly of the material through the applied potential or template 40, 43, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Alternative chemical based strategies for liq-liq reactions are also reported 45, 52, 58 , such reactions place a reducing agent in one phase (e.g. organic) and a metal precursor in the second phase (e.g. aqueous) as shown in (Figure 1Di ) and a wide range of synthetic strategies at these interfaces have been reported 37, 38, 59, 60 .
In this paper we present a strategy for producing Au nanomaterials, and Au@Fe 3 O 4 particles using a simple chemical reaction at the interface of an emulsion droplet. Each droplet acts as a microreactor, and the size and shape of the nanoparticle (NP) is then determined by the concentration of the reactants, surfactant and the concentration of the droplets. By tuning the reaction parameters, either spherical single crystal AuNPs, single crystal micron sized Au platelets are produced. In contrast, the same reaction at a large free standing interface produces only spherical AuNPs. Finally we show how in the presence of a second pre-formed Fe 3 O 4 nanoparticle (NP1) in the organic phase (Figure 1 ), we create Au@Fe 3 O 4 particles. We believe this could be a versatile platform for the large scale production of core@shell particles, and could be transferred to other metals in future.
Materials and methods

Chemicals and reagents
The following chemicals were purchased from Sigma Aldrich, U.K. and unless stated the chemicals were used without purification. O (24.5 g) were dissolved in DI-water (62.5 mL) in a 250 mL three-neck round bottom flask. The flask was placed in an ice bath. NH 3 ·H 2 O (50 mL) was added rapidly with vigorous stirring. The flask was left in the ice bath for 45 minutes. The solution was rapidly heated to 85 o C for 1 hour. Oleic acid (7.5 mL) was then added and the solution was further heated for another 1 hour. The flask was cooled to room temperature and the black precipitate was transferred to a 150 mL beaker. The black precipitate was washed 3 times with ethanol (50 mL) and each time the black magnetite was collected using a block magnet. The black precipitate was then washed 3 times with DI-water (50 mL) before washing 3 times with 20% perchloric acid (50 mL) to dissolve Fe(OH) 2 and Fe(OH) 3 . The black precipitate was again washed 3 times with DI-water (50 mL), followed by three times wash with ethanol (50 mL). Hexane (87.5 mL) was added to the resultant particles to aid dispersion, this was called ferrofluid. Ferrofluid (1mL) was taken into an Eppendorf tube and allowed it to evaporate overnight. The particle concentration was determined by weighing the mass of the material that remained after evaporation. 61 Synthesis of gold nanoparticles coated with 12-mercaptododecanoic acid in toluene. Gold nanoparticles were prepared by a previously reported technique 40 , briefly HAuCl 4 (0.05 M, 4 mL) was mixed with tetraoctylammonium bromide in toluene (0.05 M, 11 mL) in a vial. The mixture was left stirring for a minimum of 2 h. The organic phase was then transferred to another vial and 12-mercaptododecanoic acid (1200 μL) was added followed by the addition of freshly prepared NaBH 4 (0.4 M, 25 mL) with vigorous stirring. Colour change from orange to deep brown indicated the reactions completion. The mixture was left stirring for a minimum of 3 h. The organic phase was separated from the mixture and transferred to a clean vial. The organic phase (500 μL) of the Au-NP solution was transferred to an Eppendorf tube allowing the solvent to be evaporated to dryness. Ethanol (1500 μL) was then added to the precipitate in the Eppendorf, followed by 2 drops of NaOH (5 M). The Eppendorf was vortexed to disperse the pellet and then kept in the freezer for 16 h following centrifugation at 12000 rpm for 5 min. The supernatant was removed and washed twice with ethanol (1000 μL) followed by DI-water (100 μL). At this point the particles had dispersed into the aqueous solution and it appeared brown.
Creation of emulsion droplets Hexane, (P1) and aqueous solution (P2) were connected to the droplet chip as shown in figure  1 . P2 was the continuous phase and the droplets size of P1 was controlled by varying the flow rates of P1:P2. The droplet size was observed through a Celestron LCD digital microscope Model ~44340 and measured by analyzing an image taken on the microscope as shown in Figure 1 . The droplets were collected in the collection/ reaction pot (10 mL glass vial) and left open to the atmosphere for 2-3 hours for hexane to evaporate. The collection pot was filled with solutions of AuCl 4 -at the required concentration, described in table 1.
Purification of particles
The collected sample was centrifuged (12000 rpm, 5 mins) and the supernatant discarded and reconstituted in acetonitrile (500 μL). The process was repeated with DI-water. The sample was then re-dispersed in DI-water (500 µL). When the sample contained iron oxide nanoparticles, the solution was placed next to a magnet (GE, healthcare, UK, Magrack) for 2 min. The supernatant was discarded, replaced with DI-water (100 µL) and sonicated for 1 min. This process was repeated three times with DI-water and twice with acetonitrile. The sample was then re-dispersed in either water or acetone (100 µL).
Electron microscopy Scanning electron microscopy (SEM) samples were prepared by dropping the suspension onto conductive copper pad. A table top SEM Hitachi TM3030 was used for imaging particle sizes and distribution, and a FEG-SEM (FEG-SEM JEOL 7800F) was used for some higher resolution imaging of particles. Elemental composition of the particles was measured using the attached energy dispersive X-ray spectroscopy (EDS) to verify the chemistry of the particles. Transmission electron microscopy (TEM) specimens were prepared by ultrasonicating the suspensions followed by pipetting onto standard holey carbon film supported TEM grids (EM Resolutions Ltd, UK). A Jeol 2000FX TEM equipped with an Oxford Instruments (INCA350). The TEM was operated with 200kV accelerating voltage in conventional bright field mode. Selected area electron diffraction (SAED) patterns were recorded to identify the crystallinity of the particles. Thickness of the Au nanoplates was measured by two methods: 1 electron energy loss spectroscopy (EELS) attached to a FEI Tecnai F20 G2 S-Twin field emission gun (FEG) TEM; 2 cross section SEM. The Tecnai F20 FEGTEM was operated at 200kV and equipped with a Gatan ENFINA EELS spectrometer. EELS is the analysis of the energy distribution of electrons that have come through the specimen including elastic scattered electrons (zero-loss energy) and inelastic scatted electrons (low-loss and core-loss energy). The thickness of specimen can be determined by the equation t/λ=ln(I t /I 0 ), where I 0 is the zero loss peak intensity, I t is the total intensity in the low loss spectrum and λ is the average mean free path for these low energy losses, i.e. inelastic mean free path. The thickness can be worked out with an accuracy of ~±20% .
Powder X ray diffractionSamples were prepared for analysis by Powder X ray Diffraction (PXRD) from suspensions. The suspensions were dropped onto silicon substrates and the liquid allowed to evaporate before being placed into Perspex sample holders. The sample holders were loaded onto a Bruker D8 Avance Powder X ray Diffractometer set up in reflection geometry with Cu Kα 1 radiation (1.54056Å), selected from a Ge 111 monochromator and a LYNXEYE TM 1D
detector. Data were collected over the 2θ range 30-80° 2θ with a step size of 0.007° and a count time of 2 seconds per step. 
Figure 1 Schematic of the fluidic assembly and droplet collection. A) P1, P2 represents the organic and aqueous phase respectively. B) The chip allows the droplets to be imaged via an optical microscope. C) The droplets flowed through a tube approx. 5 cm long into a collection vial. D) i. Schematic of the reaction taking place at the liquid-liquid interface
Results and Discussion
Emulsion droplets were created within a microfluidic chip via a flow focusing strategy, a magnified section of the chip showing the droplet creation is given in Figure 1a . The droplet chip had a 14 µm restriction at its narrowest point. The full dimensions of the flow channels are given in supplementary Figure s1 . The size of the droplets were controlled by the chip dimensions as well as the flow rate of the hexane (P1) and aqueous phase (P2). As the chips dimensions remain constant throughout the experiment, the droplet size is varied by the relative flow rates of the liquids. Surfactant was initially required to stabilise the droplets, and SDS was selected as per previous work 61 .
The droplet diameter that was created with this chip ranged from 5 to 30 µm. The size range was limited in part due to the chip dimensions, the low viscosity of the liquid and the flow rates that could be applied where the droplets could be clearly imaged on the microscope. The fluidic chip is optically transparent. This allowed a microscope coupled to a digital high resolution camera to image and size the droplets. Figure 1B shows schematic representation of data sets obtain and acquired images are given in Figure s2 . The droplets then pass through a short tube into a collection pot. The elution time for the droplets was circa 1-2 mins, depending on the flow rates chosen, and upon entering the collection pot a magnetic stir bar was added in some experiments to aid their dispersion.
The concept is that, each droplet acts as a microreactor and this setup was recently used to assemble presynthesised AuNP on the surface of the hexane droplets 62 . The AuNPs were added to the aqueous phase, NP2 ( Figure 1D ) stabilising the droplets even in the absence of any other surfactant, i.e. a Pickering emulsion is formed. This process created a gold shell on top of iron oxide nanoparticles added to the hexane phase, NP1 ( Figure 1D ) creating core@shell particles. However, in this Pickering emulsion setup the gold shell was thin and nonuniform in its coverage. Thus, to advance their application herein, the hypothesis was to create and control the thickness of the gold shell, growing the gold particles through a chemical reaction, akin to growing a fresh layer of Au skin. A similar mechanism and process has been used with large free standing liq-liq interfaces creating a dense uniform layer of approximately 20 nm, spherical particles 42, 45, 63, 64 . Here we adapt a reaction between tetrachloropalladate and DmFc 52 , and a reaction scheme is shown in Figure 1D . As the newly formed droplets required a surfactant to stabilise them, a control experiment was performed to ascertain if Au particles can spontaneously form at a free standing Hexane/SDS/water interface. The resultant AuNPs are shown in Figure s3 . TEM analysis shows that the particles observed via SEM are clusters of small approximately 70 nm AuNPs, Figure s3 . The same reaction was then performed at the interface of an emulsion droplet. To achieve this, the chip was filled until a steady stream of droplets were created, with both a DmFc hexane solution and an aqueous phase containing SDS. This was done to ensure no air bubbles are trapped in the device. Once a steady droplet stream had been created, e.g. Figure  1A , the aqueous solution was changed to include the AuCl 4 -salt. Upon reinitiating the droplet stream it quickly became disrupted as the chip outlet became blocked or obstructed with debris, resulting in the droplets being trapped, coalescing and obstructing the flow of liquid. This observation was repeated several times on numerous chips and always resulted in a deposit on the chip surface that disrupted droplet production until it had been removed through washing with 5M HCl. Once the chip had been washed in HCl for several hours, it was able to be reused to produce droplets, but quickly became blocked again upon the addition of the AuCl 4 -salt. It was assumed that the deposit was gold particles, and that the Au material was synthesised within seconds, causing the emulsion droplets to become unstable before exiting the chip. To avoid this problem, the droplets were first made in the presence of SDS before being dropped into the collection pot containing AuCl 4 -as described in experiment B1, Table 1 . The exit tube from the chip was always submerged at the bottom of the solution to aid dispersion and at least 5 ml of the HAuCl 4 solution was used. This was to try and ensure the gold was always in excess, and the total volume of solvent used to make the emulsions was typically less than 1ml.
Table 1. Parameters for experiments liquid-liquid interface (B1,2). P1, P2 is the organic phase, and aqueous phase respectively.
During the reaction the collection pot changed from a yellow to green colour over a period of several minutes depending on the concentration of DmFc. After forming droplets for ~ 2 hours the pumps were switched off and the reaction pot was left for a minimum of 1 hour to allow the reaction to take place and hexane to evaporate. Following this the solution was centrifuged to collect the AuNP as described above. Figure 2a , shows an SEM image of the particles produced using droplets 22 µm ± 0.9 in diameter, with both the AuCl 4 -and DmFc at 5 mM. Spherical particles were produced; although their size varied, it was typically much smaller than the initial droplet. Given that each DmFc molecule can only donate one electron, three mole equivalents of DmFc are required for each Au (III) ion. When placed in equivalent concentrations, the reaction would be limited by the DmFc. Keeping the concentration of the reactants the same and changing the droplet size should then result in different sized, or fewer, Au particles. The data shown in figure 2a-e are SEM images of Au particles produced for droplet sizes of 22 ± 0.9, 15 ± 0.76, 13 ± 1.6, 9 ± 1 and 7 ± 1 µm in diameter. The sizes of the spherical particles were 450 ± 124.1, 410 ± 128.1 and 250 ± 69.3 nm for droplet sizes of 22, 15 and 13 µm, respectively, as shown in Figures 2a-c . The data, including droplet and number of counted particles, are summarised in table s1, and we note that the concentrations of the particles were not measured. As the droplet diameter was decreased Au platelets were observed within the SEM images. This trend continued and as the droplet size was further reduced the number of platelets increased Figure 2f . The average size and number of each particle taken from multiple SEM images is given in table s1. It was interesting and unexpected to see the appearance of gold platelets, and attempts were made to deduce the parameters that influenced their formation. The decrease in droplet size affects two parameters. First the total number of droplets created and secondly, the total surface area for the reaction to take place. The volume of hexane used to make the 22 and 7 micron droplets was similar: approximately 1 ml over 30 minutes. Therefore, as the volume remains constant, the number of droplets and the total surface area of all the droplets increases by approx. 31 and 3.1 times respectively, as the diameter decreases from 22 to 7 microns. Both factors may lead to a faster depletion of AuCl 4 -around the droplets. To test the effects of AuCl 4 -concentration on particle morphology two experiments were performed. The first was increasing the AuCl 4 -concentration to 10 mM, and in a second experiment a stirrer bar was placed into the reaction pot to help further disperse the droplets. Neither of these had any effect on the number of platelets and the size of the spheres remained similar see Table  s1 , supplementary figure s4a-b. Lowering the AuCl 4 -concentration to 1 mM resulted in the loss of the platelets, supplementary Figure s4c .
Effects of droplet size;
Effects of DmFc concentration;
The size of the droplet was kept constant (circa 12 µm, approx. half way in the size range created in this setup), and the concentration of DmFc was then varied. As the concentration of DmFc was reduced from 10, 5 to 1 mM it was expected that the resultant spherical AuNP diameter would also decrease, given the total number of e -are reduced. The results are shown in Figures 3a-c, and tabulated in Table s1 . In contrast, larger spherical particles were formed; in addition, the number of platelets also increased (figure 3b) leading to large Au platelets (>2 µm) as shown in Figure 3c . This may be due to the number of nucleation events decreasing as the concentration of DmFc is lowered, allowing fewer nuclei to grow to larger particles. The TEM images of the different shaped particles from Figure 3b are given in 3 d, e and the SAED pattern for the platelet is shown in Figure s5 . The diffraction pattern shows the particles to be single crystals. The thickness of the platelets was also determined to be 36 ± 7 nm using EELS and cross-section SEM (see supplementary figure s6 and s7 respectively). XRD analysis of the materials are shown in Figure 4 . All the XRD data exhibit preferred orientation along the <111> direction, highlighted by the enhanced intensities of the 111 and 222 reflections. This is especially pronounced in the data shown for the samples in Figures 2e  and 3c . As Au has a face centred cubic structure, this suggests its growth direction is along <111> which is common for face centred cubic materials and fits with the hexagonal platelet morphology, as observed in the SEM micrographs (Figures 2e and 3c respectively) . The data from the sample corresponding to the micrograph in Figure 3a has greater peak widths, which suggests a smaller crystallite size and the peak shapes are also anisotropic, with a high angle tail (most pronounced for the reflection at 44.4° (2θ)). This could indicate the presence of different crystallite sizes, with sharper peaks superimposed on broader peaks. The SEM micrographs in Figures 3b and 3c suggest the presence of large platelets and smaller spherical particles, which correlate with the XRD data.
The sample in Figure 3b shows a mixture of spherical particles and platelets. The XRD data for this sample has a clear high angle asymmetry observed for the 200 reflection at 44.5° 2θ. Pattern fitting of these data allowed deconvolution of 2 peaks at this 2θ angle, with fitted Full Width Half Maxima (FWHM) of 0.1559 and 0.6525 ° 2θ. This would correspond to 2 crystallite sizes and it is suggested that the lower FWHM value is associated with the larger platelet morphology and hence the broader peak width is associated with the spherical particles. A similar observation can be made for the sample represented in Figure 3c , which is also a mixture of spherical particles and platelets and 2 Mechanism; The growth of an Au particle across the interface as illustrated in Figure 1D would require an interfacial reaction. Both the metal, in P2, and reducing agent in P1 react at the interface to form the NP. It is however unclear if the nucleation of the particles takes place at the liq-liq interface, or as discussed elsewhere if the low solubility of the DmFc in water allows it to transfer to the aqueous phase before reacting to form nuclei 65 . Upon the formation of the nuclei it would then be energetically favourable for the nuclei to become adsorbed at the interface. Once fixed it can act as a conduit for electrons i.e. once created the particles growth could be autocatalytic as the electrons from the diffusing DmFc can be tunnelled across the metallic particle to a waiting AuCl 4 -ion in the aqueous phase. DmFc has been shown to enhance electron transfer rates at AuNP functionalised liq-liq interfaces 66, 67 .
Such interfaces have also been shown to reduce O 2 forming H 2 O 2 , and the fermi level established across the interface is determined by the ratio of the DmFc/DmFc +66 . In this circumstance the nucleation of new particles may be slowed as the concentration of DmFc is depleted.
In the current setup the droplets are stabilised by SDS, and in some synthetic strategies SDS has been shown to produce asymmetric AuNPs 68, 69 . In the examples here, we have a high throughput, room temperature synthesis strategy for producing platelets. To ascertain the influence of SDS on the particle morphology, it was removed and droplets were created and stabilised in the presence of small gold nanoparticles, NP2 ( Figure 1D ). These Pickering emulsions have been previously shown to form a gold layer on the outside of the droplets, stabilising the emulsion without the need for surfactant 62 . The AuNP's formed from the Pickering emulsion experiment are shown in Figure 5a . It is not clear if the Pickering particles acted as seeds to produce the cubic and platelet particles, and certainly not all of these initial Pickering particles are adsorbed into the growing phases as evident by their presence in the SEM. In the absence of the SDS, more cubic particles are produced as well as some platelets, which indicate that whilst SDS may play some role in templating the material it is not the only effect. Mixtures of CTAB and SDS were also used as alternative surfactants and the particles are shown in Figure 5b , and summarised in table s1. The platelets are no longer observed and only spherical particles remain. CTAB is known to have a strong influence on the growth of Au particles, although only spherical ones are observed here. Future work may allow the addition of specific surfactants to the reaction pot to produce a more uniform and controlled particle morphology. It is clear that whilst the surfactant has some influence on the resultant shape it is not be the only factor. The growth of the NP will require the AuCl 4 -salt to diffuse to the particles surface D1, and as DmFc is consumed by the growing particle its diffusion towards, D2, and away from the particle, D3. The electron transfer rate will also affect the particle growth. The mechanism for the production of Au platelets or spherical particles is determined by which process is the rate determining step, RDS. In most of the experiments we have the AuCl 4 -at a high and consistent concentration; when it is lowered the particles tend towards a spherical morphology. The concentration of DmFc is a variable with a more pronounced effect on the shape. By lowering its concentration, more platelets are produced. Oxidation of the DmFc causes the fermi level, and electron transfer rate, across the interface to decrease. Thus for spherical particles a low concentration of AuCl 4 -and high concentration of DmFc is required, and for platelets a high concentration of AuCl 4 -and low DmFc concentration is preferred.
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Interestingly if the concentration of the reactants remains constant and the droplets diameter decreased, data shown in Figure 2 , the rapid conversion of the DmFc to DmFc + lowers the potential energy much faster and this slow growth leads to enlarged platelets.
Au@Fe 3 O 4
Finally the setup was investigated to ascertain if core shell particles could be created. Fe 3 O 4 nanoparticles were added to the hexane droplets with the DmFc. The resultant particles are shown in Figure 6a . As expected some platelets were produced alongside the more spherical particles, although the number of platelets were higher with the addition of the Fe 3 O 4 . As described above, we hypothesise that platelets are formed when the diffusion of the DmFc to the particle is the RDS. The addition of the Fe 3 O 4 particles to the organic phase would act to slow the diffusion of the DmFc towards and away from the interface. In an attempt to reduce the number of platelets, the concentration of DmFc was increased to 50 mM and whilst this had the desired effect, some platelets are still visible, Figure 6b . All the particles imaged in Figure 6 were separated from solution and washed using a handheld magnet, and whilst not visible under the SEM the AuNPs must have either encapsulated or adsorbed some Fe 3 O 4 particles on their surface. TEM analysis of the particles, Figure 6c , shows how each AuNP is surrounded by the Fe 3 O 4 NPs, XRD data is given in Figure s9 . 
Conclusions
Here we present a method for synthesising and assembling nanomaterials at the liq-liq interface of an emulsion droplet. In an attempt to adorn each droplet with an Au nanoparticle skin, an interfacial reaction between decamethylferrocene (DmFc) in hexane and AuCl 4 -within the aqueous phase, was employed to synthesise the Au nanoparticles on the droplets interface. In contrast to the same reaction at a large free standing interface which produces smaller spherical AuNPs, each droplet acted as a microreactor where the final size and shape of the NP was determined by the concentration of the DmFc or the size of the droplet. By tuning the reaction parameters either spherical single crystal AuNPs or single crystal micron sized Au platelets can be produced. We believe this could be a versatile platform for the large scale production of core@shell particles. The technique has the advantages of not requiring long reaction times, temperatures or templates to produce the asymmetric materials.
